Objective To evaluate the role of the copy number loss in SFMBT1 in a Caucasian population.
Idiopathic normal pressure hydrocephalus (iNPH) is a lateonset progressive neurologic disease presenting typically with gait difficulties together with enlarged ventricles and tightened parasagittal cortical sulci, whereas other symptoms such as cognitive impairment and urinary incontinence are often present. 1, 2 Recently, the 2 available diagnostic guidelines 1, 2 have been criticized, and urgent revision and/or unification of the diagnostic manual have been requested. [3] [4] [5] Patients with iNPH are characterized by abnormal CSF circulation and evidence of delayed cerebral clearance, as recently shown in an MRI CSF tracer study. 6 Although there are no biomarkers to aid in the diagnostics, and the etiology of iNPH remains unclear, there is an increasing amount of proof indicating a potential genetic component in iNPH. [7] [8] [9] [10] [11] [12] The prevalence of familial iNPH, i.e., at least 2 patients with iNPH, in the first-degree relatives has been reported to range from 4.8% to 7%. 10, 11 Data also contain a pair of identical twins having iNPH 11 and a family in which an autosomal dominant inheritance pattern is observed. 9 A segmental copy number loss in the SFMBT1 gene was reported in Japan to be present in 50% of patients, who present concomitantly with clinical features of iNPH and enlarged ventricles, 13 and in 26% of patients with iNPH, who experienced a positive shunt response. 14 These results have previously not been confirmed outside of Japan and with sufficiently large cohorts. Our aim was to evaluate the prevalence of the copy number loss of SFMBT1 in patients with iNPH of Caucasian origin. All Finnish and Norwegian patients suspected of having iNPH have been clinically evaluated by a neurologist and a neurosurgeon. The patients were referred to a neurosurgeon by a neurologist if the patients were observed to have at least one of the core symptoms associated with iNPH, which include gait difficulties, cognitive impairment, and urinary incontinence together with enlarged ventricles (Evans Index >0. 30) 15 disproportionate to the size of the sulci of the cerebral convexities in MRI or CT imaging scans. In addition, most Finnish and Norwegian patients have undergone, as a prognostic test for shunt benefit, a 24-hour intraventricular pressure monitoring, spinal tap, extended lumbar drainage, or lumbar infusion test.
Methods
The Norwegian patients were diagnosed, and the decision to perform the shunt surgery was done following a previously published protocol, 16 which included a clinical judgment of the severity of iNPH symptoms using a Oslo iNPH Grading Scale (ranging from 3 to 15), 16 MRI or CT imaging scans for the evaluation of the ventriculomegaly, evaluation of comorbidities, and finally a diagnostic overnight ICP monitoring.
All the Finnish and Norwegian patients fulfilled the clinical diagnostic criteria for possible iNPH. 1, 2 The control group consisted of 508 (mean age 70 years; SD 5.1; male: n = 207) Finnish subjects acquired for neurogenetic studies. All subjects have undergone clinical and neuropsychological Glossary CI = confidence interval; iNPH = idiopathic normal pressure hydrocephalus; OR = odds ratio.
testing lead by an experienced neurologist specialized in neurodegenerative conditions to exclude any signs of cognitive impairment (table 3) .
Genomic DNA was extracted from venous blood samples using QIAamp DNA blood mini extraction kit (QIAGEN). The copy number loss/gain in the intron 2 region of SFMBT1 was detected using quantitative PCR (qPCR) and the deltadelta method as previously described. 14 Our collaborator (T. Kato) provided a positive control sample, and a commercial negative control was used.
All statistical analyses were performed using SPSS statistic version 23 (IBM corp. USA). The χ 2 test was used for categorical dichotomous variables for groups >2. The Fisher exact test was used for pairwise comparison. p < 0.05 was considered statistically significant.
Power calculations were completed before the execution of the research and were based on the results of the study by Sato et al.
14 in which the expected prevalence was divided by a factor of 2 (26/2% = 13%). With a power of 0.85, p = 0.05, the sample size was determined to be n ≥ 362. Both the Finnish and Norwegian iNPH cohorts and Finnish controls fulfill this requirement.
Data availability statement
According to Finnish law, the full individual clinical data set cannot be shared publicly. However, the data set can/will be shared by academic collaboration agreement upon request.
Results
The copy number loss in SFMBT1 was detected in 9.9% of the Finnish patients with iNPH, in 21% of the Norwegian patients with iNPH, and in 5.4% of the Finnish controls (figures 1 and 2). Statistically significant difference was detected between Finnish and Norwegian patients with iNPH (p < 0.0001). No copy number gains in SFMBT1 were detected in Finnish or Norwegian patients with iNPH or healthy controls. In the Finnish iNPH cohort, 9/71 suspected familial patients, who are carriers for the copy number loss, were detected, and therefore, no aggregation of the copy number loss variant was observed in familial iNPH (12.1% vs 10%, p = 0.5). There was no significant difference in age at onset, sex, shunting prevalence, or shunt response between Finnish and Norwegian patients. In addition, no difference was detected in the prevalence of hypertension or T2DM between SFMBT1 copy number loss carriers and noncarriers (table 4) 
Discussion
This is the first study on the prevalence of the copy number loss in SFMBT1 among patients with iNPH of non-Asian origin. Although there are studies describing familial aggregation 11 and even in some rare cases autosomal dominant inheritance pattern, 9 SFMBT1 is the first gene to be associated with iNPH. Our findings are principally in line with the Japanese results providing compelling further evidence on the role of the copy number loss in SFMBT1 in iNPH.
The copy number loss in SFMBT1 is detected only in 10%-20% of the patients with iNPH, which would suggest that iNPH has both a polygenetic and multifactorial origin. Ethnicity seems to modify the prevalence of this genetic variant between Finnish and Norwegian iNPH patients but surprisingly is similar between selected Norwegian and Japanese populations. In addition, a small percentage of cognitively intact controls carry the genetic variant providing further evidence on the copy number loss in SFMBT1 of being only a possible risk-increasing genotype. In the Japanese study, a small percentage of patients and controls were found to carry a copy number gain variant, but no statistically significant difference between patients with iNPH and controls was detected.
14 Of interest, in the Nordic cohorts, no copy number gain variants were detected in either patients with iNPH or healthy controls. Therefore, it appears that the copy number loss in SFMBT1 is associated with iNPH, and the results are not influenced by genomic instability in the SFMBT1 intron region.
Hypertension, T2DM, schizophrenia, and Alzheimer disease are common among patients with iNPH. [17] [18] [19] [20] [21] [22] The present results could reflect a higher occurrence of hypertension and T2DM in iNPH, as previously demonstrated. However, in this study cohort, we found no statistically significant difference in the prevalence of hypertension or T2DM between SFMBT1 copy number loss carriers and noncarriers, further validating its independent association with iNPH.
In the present study, both shunt-responsive and nonresponsive patients were included, and no difference was observed between these groups regarding the carrier status of the copy number loss in SFMBT1. The original discovery was done in subjects with enlarged brain ventricles, 13 and the Japanese study on copy number loss in SFMBT1 14 included only shunt-responsive iNPH patients, and therefore, the prevalence of the copy number loss in SFMBT1 among patients who are nonresponsive to shunt surgery is unknown in the Japanese population.
14 Because of the similar prevalence between both shunt-responsive and nonresponsive patient groups, SFMBT1 seems to be linked with enlargement of brain ventricles but not with shunt response.
The diagnosis of iNPH is presently based on typical clinical characteristics and radiologic presentation. In addition, different prognostic tests are used to evaluate the potential shunt benefit, but no biomarkers have been found to help in the differential diagnostics. The current vague diagnostic criteria of iNPH 1, 2 should be noted in the interpretation of the current results and further genetic studies on iNPH. These include the definition of the diagnosis, heterogeneity of the disease course and variable radiologic features, and common comorbid neurodegenerative diseases. 4 This poses a challenge for the differential diagnostics of iNPH, and both false and missed diagnoses are likely to be common. Potentially, the genetic information could, in the future, be included in different risk calculators (e.g., reference 23) to provide clinician tools that help decide referrals concerning these types of uncommon diseases. b Lost to follow-up response (n = 63). CI = confidence interval; OR = odds ratio. Figure 2 The prevalence of the copy number loss in the SFMBT1 among Finnish and Norwegian patients with iNPH
The prevalence of the copy number loss in SFMBT1 among Norwegian iNPH patients is 21% (n = 79/377), 9.9% (n = 56/567) among Finnish iNPH patients, and 5.4% (n = 27/508) among Finnish controls. Statistical significance was observed; Norwegian iNPH patients vs Finnish controls (OR = 4.7, CI 95% 3.0-7.5, p < 0.001), Finnish iNPH patients vs Finnish controls (OR = 1.9, CI 95% 1.2-3.1, p = 0.0078), and Norwegian iNPH patients vs Finnish iNPH patients (OR = 2.5, CI 95% 1.7-3.6, p < 0.001). p < 0.05 was considered statistically significant. The Fisher exact test was used for pairwise comparisons. CI = confidence interval; iNPH = idiopathic normal pressure hydrocephalus; OR = odds ratio.
The SFMBT1 locus has been previously identified to be involved in elevated serum urate levels, fasting glucose, and high blood pressure. [24] [25] [26] The physiologic role of the SFMBT1 protein is poorly understood but relates to histone binding and is involved in different transcription corepressor activities. 27, 28 However, the SFMBT1 protein seems to be present in anatomical structures involved with CSF development and circulation such as the choroid plexus, the ependymal cell lining of the ventricles, and the smooth muscle and endothelial cells of the arteries. 13 A CSF tracer study has revealed disturbed CSF circulation and delayed CSF tracer clearance within the brains of patients with iNPH. 6 An increasing body of evidence links the pathophysiology behind iNPH to processes taking place at the glia-vascular interface. It has been shown that patients with iNPH showed evidence of alterations in the brain capillary ultrastructure, including alterations in pericytes and endothelial cells. 29 Furthermore, the perivascular expression of the water channel aquaporin-4 (AQP4) was reduced in iNPH. 30 Our study has considerable strengths including a wellcharacterized large multinational cohort consisting of both shunted and nonshunted patients. The most substantial limitation in the current study is that no healthy Norwegian control individuals were available and that no internal validation was used. The prevalence of the copy number variant could be different among neurologically healthy population. In addition, in the current study, asymptomatic ventriculomegaly was not routinely evaluated from the healthy Finnish controls. Therefore, it is possible that the some of the healthy controls that are carriers for the copy number loss variant in SFMBT1 have enlarged ventricles but are asymptomatic. This might skew the current result, and the association between iNPH and the copy number loss in SFMBT1 could be even stronger than reported. Although a strong association between the copy number loss in SFMBT1 and iNPH was found in both the Japanese and the Caucasian cohorts, there are still limitations to the studies concentrating on the copy number loss in SFMBT1 and iNPH. First, no nationwide data exist on the prevalence of the copy number loss in SFMBT1, and therefore, the controls used provide only a rough estimation of the prevalence in the normal population. Second, the role of the SFMBT1 gene in the development of cardiovascular diseases needs to be investigated in depth. In addition, the role of SFMBT1 should be studied in other neurodegenerative diseases to find whether the genetic variation in SFMBT1 is unique to iNPH. Third, the present results need still to be confirmed in larger multinational cohorts both in cross-sectional and prospective study settings.
Normal pressure hydrocephalus is divided into 3 different groups: idiopathic, where the etiology is unclear, secondary when there is a predisposing factor to be found, and most recently detected familial type, where iNPH is seen also in the first-degree relatives. 9, 11 So far, no difference in the phenotype has been observed between iNPH and familial NPH. Because copy number variation of SFMBT1 was not enriched in familial iNPH, it does not seem to explain familial aggregation of iNPH, and therefore, other genetic variations are expected to associate with iNPH. The effect of the copy number loss in SFMBT1 to the clinical phenotype should be described. This might shed light into the different forms of iNPH with so far undistinguishable phenotypes.
It has been reported that some of the asymptomatic people with ventriculomegaly are carriers for the copy number loss in SFMBT1. 13 Ventriculomegaly is a key radiologic finding in iNPH, and Evans Index >0.3 is included as a requirement in the diagnostic criteria of iNPH, 1,2 although it has been recently suggested that the cutoff value for ventricular enlargement should be age and sex dependent and the pathologic lower limit of Evan's Index increased to >0.32. 31 It has been suggested that people who are asymptomatic with enlarged ventricles are at an increased risk of developing iNPH, and it has been reported that in the Japanese population, 25% of people with asymptomatic ventriculomegaly will eventually develop iNPH. 32 However, the cohort sizes have been limited in the studies in which the connection between AVIM and iNPH has been proposed. Therefore, no universal consensus on this matter exists.
The prevalence of the copy number loss in SFMBT1 could be increased among the families in which iNPH is frequently observed, and therefore, first-degree relatives of patients with iNPH should be included in future genetic studies. It might be that the copy number loss in SFMBT1 is a risk gene for iNPH but requires other unknown triggering risk factors to result in clinical disease.
Future studies are still urgently needed to elucidate the genetics of iNPH. Understanding even some of the pathologic processes causing iNPH provides possibilities to develop targeted or even preventive therapies in the future. This study encourages functional studies on SFMBT1 to clarify the role in the disease process of iNPH.
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